.The heart adapts to exercise stimuli in a sex-dimorphic manner when mice are fed the traditional soy-based chow. Females undergo more voluntary exercise (4 wk) than males and exhibit more cardiac hypertrophy per kilometer run (18, 32) . We have found that diet plays a critical role in cage wheel exercise and cardiac adaptation to the exercise stimulus in this sex dimorphism. Specifically, feeding male mice a casein-based, soy-free diet increases daily running distance over soy-fed counterparts to equal that of females. Moreover, casein-fed males have a greater capacity to increase their cardiac mass in response to exercise compared with soy-fed males. To further explore the biochemical mechanisms for these differences, we performed a candidate-based RT-PCR screen on genes previously implicated in diet-or exercise-based cardiac hypertrophy. Of the genes screened, many exhibit significant exercise, diet, or sex effects but only transforming growth factor-␤1 shows a significant three-way interaction with no genes showing a two-way interaction. Finally, we show that the expression and activity of adenosine monophosphate-activated kinase-␣2 and acetyl-CoA carboxylase is dependent on exercise, diet, and sex. cardiac hypertrophy; sex and exercise; diet; soy THE IMPACT OF PHYSIOLOGICAL, pathological, and environmental factors on the ability of the heart to adapt has been of broad interest to many laboratories (7, 11, 28) . We have also examined how these modifiers interact to ultimately dictate the course of cardiac remodeling (17, 18, 38) . For example, in studying the interaction of biologic sex and exercise on cardiac adaptation, we found that female mice exposed to a voluntary cage wheel run more and exhibit approximately threefold greater percent increase in heart mass than their male counterparts when normalized to distance run (18). Furthermore, in studying the interaction of exercise and cardiac disease [hypertrophic cardiomyopathy (HCM)], we showed that not only is voluntary cage wheel exercise not harmful in the setting of heart disease but it is able to prevent and even reverse established HCM disease phenotypes (19).
THE IMPACT OF PHYSIOLOGICAL, pathological, and environmental factors on the ability of the heart to adapt has been of broad interest to many laboratories (7, 11, 28) . We have also examined how these modifiers interact to ultimately dictate the course of cardiac remodeling (17, 18, 38) . For example, in studying the interaction of biologic sex and exercise on cardiac adaptation, we found that female mice exposed to a voluntary cage wheel run more and exhibit approximately threefold greater percent increase in heart mass than their male counterparts when normalized to distance run (18) . Furthermore, in studying the interaction of exercise and cardiac disease [hypertrophic cardiomyopathy (HCM)], we showed that not only is voluntary cage wheel exercise not harmful in the setting of heart disease but it is able to prevent and even reverse established HCM disease phenotypes (19) .
Utilizing exercise to study the interaction of sex and disease and the molecular and cellular mechanisms mediating cardiac adaptation to exercise may lead to the identification of novel regulatory pathways and provide potential therapeutic targets for cardiac disease. This becomes especially significant considering that standard treatment strategies for cardiac rehabilitation employ regular exercise, particularly aerobic exercise, and that exercise reduces cardiovascular morbidity and mortality in these subjects (12, 34) .
Still, utilizing cage wheel running to study the physiological impact of exercise on cardiac adaptation is not entirely straightforward. The last 15 years of research utilizing cage wheel running clearly indicates that wheel running is a complex behavior and is the net result of food availability, motivation and reward systems, and daily activity patterns (30) . Interestingly, feral animals in nature display similar wheel-running habits as in laboratory animals (27) . Consequently, when characterizing the response to cage wheel exercise, whether in a diseased or normal heart, the underlying factors driving cage wheel activity must be considered.
What becomes evident is that more integrative studies examining cardiac adaptation to physiological, pathological, and environmental stimuli, such as diet, are needed. Interestingly, it has been recognized that there are different dietary requirements for males and females undergoing physical activity (40, 41, 43) . Furthermore, the relationship between dietary intake and cardiovascular disease has traditionally focused on the consumption of fat and its impact on blood triglycerides and cholesterol (14, 15, 39) . However, such an approach is far too simplistic in that it de-emphasizes the ability of dietary nutrients, and the interaction of these nutrients, to impact cardiac adaptation on a global scale. Demonstrating the potential impact of diet on the HCM phenotype, we demonstrated that HCM male mice when switched from a soy-based diet to a calorically similar casein-based diet no longer show a poorer cardiac phenotype compared with females (38, 42) .
Taken together, these data indicate that it becomes critical to understand how genomic (sex) and nongenomic (diet, exercise) modifiers interact to impact physiological (cage wheel running) cardiac adaptation. Yet, there are few data on how these differences impact cardiac adaptation. Moreover, the molecular mechanisms underlying these sex-dimorphic dietary impacts and, more importantly, sex-dependent cardiac adaptation remain obscure. Although our group has examined selective targets that putatively regulate cardiac adaptation in response to these stimuli, there are many potential candidates that may mediate such a complex phenotype. For example, histone deacytelases (HDACs) have been extensively studied in pathological cardiac hypertrophy, but there have been limited studies investigating the role of HDACs in exercise-induced cardiac adaptation (8, 24) and none in response to cage wheel exercise.
In all of our previous studies utilizing cage wheel exercise as a stimulus for cardiac adaptation, mice were eating the traditional soy-based chow. Considering the impact that a dietary switch had on HCM disease progression, we wished to build on our previous work examining cardiac adaptation and test the hypothesis that the sex-dimorphic impact of cage wheel running on cardiac adaptation is lost when male and female wild-type (WT) mice eating a soy-based are switched to casein-based (soy-free) chow. We chose cage wheel activity and cardiac adaptation as the primary endpoints for these studies. However, we also measured transcript and protein expression and activity of candidate targets that may contribute to sex-and diet-dependent differences.
MATERIALS AND METHODS

Voluntary Cage-Wheel Exercise
Voluntary running was performed by inbred male and female C57Bl/6J, age 12 wk at the start of cage wheel exposure. Individual animals were housed in a cage (47 ϫ 26 ϫ 14.5 cm) containing a free wheel for 21 days. The exercise wheels used have been previously described (1, 18) . Briefly, this system consists of an 11.5-cm-diameter wheel with a 5.0-cm-wide running surface (model 6208; Petsmart, Phoenix, AZ) equipped with a digital magnetic counter (model BC 600; Sigma Sport, Olney, IL) that is activated by wheel rotation. For a given litter, mice were randomly assigned to a particular diet and to the sedentary or exercised group. All animals were given water and rodent chow ad libitum. Daily exercise values for time and distance run were recorded for each exercised animal throughout the duration of the exercise period. At the end of the specific exercise period, exercised and sedentary control animals mice were euthanized by cervical dislocation under inhaled anesthesia. Body mass was weighed and hearts were rapidly excised and washed with a modified ice-cold PBS solution (in mmol/l): 136. 
Real-Time PCR
Total RNA was isolated from the left ventricles of WT and exercised mouse hearts using the mirVana miRNA isolation kit (Ambion) according to the manufacturer's protocol. Total cDNA was generated with NCode RNA First-Strand cDNA Synthesis Kit (Invitrogen). Maxima SYBR Green qPCR Master Mix (fermentas) was used for real-time PCR reaction. 18S ribosome RNA was used as internal control of mRNA for real time PCR. A full list of probe sets and gene and protein definitions are included in Table 1 .
Western Blot Analysis and Gel Electrophoresis
Preparation of heart samples for SDS-PAGE and subsequent Western immunoblotting for detection of proteins and particular sites of phosphorylation on each protein began by homogenization of left ventricles (minus the atria) in a protein extraction buffer (in mmol/l): 137 NaCl, 20 Tris(hydroxymethyl)-aminomethane, 10% vol/vol glycerol, and 1% vol/vol NP-40 (pH 7.4) (36). The homogenized tissue was then centrifuged at 12,000 -14,000 g (Beckman J2-HS centrifuge) for 10 min at 4°C. The supernatant was removed and protein concentration was determined using the Bradford method. SDS-PAGE was performed on the heart extracts followed by the transfer to a membrane support [ 
PCR primer sets used for amplification of mRNA transcripts. GOI, gene of interest. Gene name, protein full name (protein abbreviation): Prkaa2, adenosine monophosphate-activated kinase ␣2 (AMPK␣2); Nppa, atrial natiuretic peptide (ANP); Myh6, alpha myosin heavy chain (␣MyHC); Cpt1b, carnitine palmitoyltransferase 1B (CPT1B); Il6, interleukin 6 (IL-6); Mmp9, matrix metallopeptidase 9 (MMP9); Ppara, peroxisome proliferator-activated receptor alpha (PPAR␣); Ppard, peroxisome proliferator-activated receptor delta (PPAR␦); Sirt1, Sirtuin 1 (SIRT1); Tgfb1, transforming growth factor, beta 1 (TGF-␤1); Tgfb2, Transforming growth factor, beta 2 (TGF-␤2); Tgfb3, transforming growth factor, beta 2 (TGF-␤3); Tnfa, Tumor necrosis factor-alpha (TNF-␣).
(Beverly, MA) and used at 1/1,000 dilution except p-AMPK, which was used at 1/500 dilution. All immunoblot analysis was performed from the semiquantitation of individual blots (LabImage 1D software) and was not compared across blots according to accepted guidelines. Protein blots were normalized to total protein determined as detailed above and Ponceau S staining of PVDF membranes. Phosphorylated proteins were normalized to each respective unphosphorylated, total protein. All immunoblot images of a given target were cropped from the same blot to conserve figure space and redundancy.
HDAC Activity Assays
HDAC activity assays were performed as previously described (22) . Class 1, IIa, and IIb HDAC substrates for the assay consist of lysine with three modifications: acetylation of the ε-amine, a protecting group on the ␣-amine, and conjugation of the carboxyl by the fluorophore 7-amino-4-methylcoumarin (AMC). HDAC activity from cell or tissue extracts removes the ε-acetyl group. Following incubation of the samples with substrate, trypsin is added, which is active only against deacetylated substrate. Trypsin releases AMC, resulting in increased fluorescence emission at 460 nm. Briefly, tissue extracts were prepared in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl, and protease/phosphatase inhibitor cocktail (Thermo Fisher) using a Bullet Blender homogenizer (Next Advance) followed by determination of protein concentration using a BCA Protein Assay Kit (Thermo Fisher). Tissue extracts were diluted into PBS buffer in 100-l total volumes in 96-well plate (60 g ventricular protein/well). AMC fluorescence was measured using a BioTek Synergy 2 plate reader, with excitation and emission filters of 360 and 460 nm, respectively (each with a bandwidth of 40 nm), along with a 400-nm dichroic top mirror. Background signals from buffer blanks were subtracted, and data were normalized as needed using appropriate controls. GraphPad Prism software was used to generate graphs and analyze data. ANOVA with Bonferroni's post test (P Ͻ 0.05) was used to determine statistical differences between groups.
Data and Statistical Analysis
Results are presented as means Ϯ SE. The percent change in cardiac mass with exercise was determined by comparing the mass of each exercised animal to the mean cardiac mass of the sedentary group. The difference in cardiac mass was then expressed as a percent change from sedentary animals for each respective animal. Similarly, cardiac mass normalized to cage wheel activity was determined by subtracting the cardiac mass of each exercised animal from the mean cardiac mass of the sedentary group; this value was then normalized to the cage wheel activity of each corresponding animal. The differences between male and female groups were analyzed with a two-way ANOVA followed by a Tukey's honestly significant difference post hoc test; P Ͻ0.05 was considered as significant.
For analysis of RT-PCR, mixed effects ANOVA was used to test the differences among mean level of diet, exercise, and sex. Mixed effects models were used to account for the replicate runs for each mouse. First, a three-way interaction was tested, sex by diet by exercise. Secondly, two-way interactions were tested for any probes without a statistically significant three-way interaction, these included sex by diet, sex by exercise, and exercise by diet. Finally, differences in main effects were tested for all probes that did not demonstrate statistically significant differences in either a three-way or two-way interaction.
RESULTS
Cage Wheel Running
We previously demonstrated that 4-mo-old female C57Bl/6J mice exhibited enhanced wheel-running performance over their male counterparts as measured by both distance and duration when eating the standard, soy-based rodent chow (18) . In the current study, we found a significant interaction between sex and diet in distance run. In addition, we found similar sex-specific running characteristics; female (C57Bl/6J; 12 wk at the start of cage wheel activity) mice ran significantly further than male mice as indicated in Fig. 1A , which shows that female mice ran an average of 6.5 Ϯ 1.3 km while male mice ran 3.9 Ϯ 0.2 km during each 24-h period, again when fed a soy-based diet. To complete these distances, females spent 5.0 Ϯ 0.8 h on the wheel, which was greater than the 3.5 Ϯ 0.2 h spent on the wheels by the males during each 24-h period, although this did not reach significance (Fig. 1B) . Following a similar trend, wheel-running speeds were higher but not significant in female mice (1.24 Ϯ 0.09 km/h) compared with male mice (1.17 Ϯ 0.05 km/h; data not shown) when averaged over the 3-wk time period (Fig. 2, A and B) .
Considering our previous finding that diet plays a pivotal role in the progression of cardiac disease in a sex-specific manner (38), we tested the hypothesis that diet similarly modifies cage wheel exercise. Interestingly, male mice fed a casein-based chow elevated their running distance to 6.0 Ϯ 0.7 km per 24-h period, a significant increase compared with their soy-fed counterparts. Moreover, this dietary change eliminated the sex difference (Fig. 1A) such that this increase in running distance by males was not different from females eating a casein-based diet (8.3 Ϯ 1.0 km). Females eating the caseinbased diet also showed a slight but insignificant increase over running distances of females eating the soy-based diet. Al- A: average running distance (km/day) for every 24 h over the 21-day study period. B: average running time (h/day) for every 24 h over the 21-day study period. ANOVA interaction of sex ϫ diet: P Ͻ 0.05, *P Ͻ 0.05, from males eating the casein-based diet and from females eating the soy-based diet.
though there was a main effect of diet on wheel running speed, there were no differences in time (Fig. 1B) or speed (Fig. 2, A and B) on the wheel between male mice eating the casein-based and soy-based chow. Wheel running speed in female mice, however, significantly higher in those eating the casein-based diet.
Cardiac Mass/Adaptation
We and others have previously shown that hearts of mice increase in mass following exposure to a cage wheel and that the extent of the increase depends on the sex of the animal (1, 18 -20, 23, 33) . The results of these investigations are summarized in Table 2 . Male and female mice demonstrated a sexdimorphic increase in cardiac mass following cage wheel exposure when normalized to body weight (HW/BW in mg/g) and when eating the soy-based chow, similar to that previously reported (18) . Accordingly, also as reported previously (1), when examined as a proportional increase in normalized cardiac mass (Fig. 3A) , the percent increase in heart size was significantly greater in female mice (15.5 Ϯ 1.9%) compared with their male counterparts (4.6 Ϯ 0.5%).
Because diet dramatically impacted running performance in males, we hypothesized that diet would differentially affect cardiac adaptation (size) and that this adaptation would be modified by sex. Male mice eating the casein-based diet demonstrated an increase in cardiac mass (13.2 Ϯ 2.7%) that was similar to that in female mice eating either the caseinbased (17.5 Ϯ 1.6%; Fig. 3B ) or soy-based diet. Moreover, this percent increase was greater than male mice eating the soybased diet (Fig. 3C) . Diet did not affect cardiac adaptation in response to exercise in female mice (Fig. 3d) .
We previously reported in soy-fed mice that when the increase in normalized cardiac mass was adjusted for cage wheel activity, C57Bl/6J female mice showed a significantly greater increase in heart mass for kilometers of distance run or hour spent on the wheel compared with males (18) . Similar results were found in this study. When the gain in cardiac mass was normalized to cage wheel activity in mice eating a soybased diet, female mice demonstrated significantly greater hypertrophy when normalized to distance run (2.7 Ϯ 0.5 vs. 1.2 Ϯ 0.1 HW·BW Ϫ1 ·km Ϫ1 in a 24-h period; Fig. 4 ) compared with males, respectively. We also found a significant interaction between sex and diet in this parameter.
Feeding male mice a casein-based diet increased this ratio (2.5 Ϯ 0.5 mg HW·BW Ϫ1 ·km Ϫ1 in a 24-h period; Fig. 4 ) such that they were no longer different from females eating the soyor casein-based diet (2.3 Ϯ 0.2 mg HW·BW Ϫ1 ·km Ϫ1 in a 24-h period). As expected, there were no differences between female runners eating the soy-based or casein-based diets.
mRNA analysis. We recently reported that diet differentially impacts the genetic landscape of the heart in the context of sex and disease (25) . Consequently, we hypothesized that a differential genetic expression pattern may underlie the ability of the heart to respond to a physiological hypertrophic stimulus such as exercise. Therefore, we explored the hypothesis that diet will similarly impact exercise-induced cardiac gene expression in a sex-specific manner. As an initial examination of this hypothesis, we selected 11 candidates including hypertrophic, inflammatory, and metabolic genes and performed quantitative RT-PCR analysis on the mRNA. There was a significant three-way interaction among diet, sex, and exercise for transforming growth factor-␤1 (TGF-␤1). Interestingly, we detected no significant two-way interactions for any probes. Therefore, we evaluated differences in main effects for the remaining probe sets. From this analysis we revealed significant differences between nonrunners and runners for the following genes: MyHC␣, TNF-␣, ANF, CPT1, MMP, PPAR␣, PPAR-␤, SIRT1, and TGF-␤3. A sex dimorphism was found for all probes except IL-6. Finally, a diet effect was seen for MyHC␣, TNF-␣, adenosine monophosphate-activated kinase (AMPK␣2), and SIRT1. Table 3 summarizes the directional change of each gene demonstrating significant differences in main effects.
Two of these genes (MyHC␣ and TNF-␣) were significantly impacted by diet, exercise, and sex. To identify more specifically the relative impact of each of these factors, MyHC␣ and TNF-␣ expression for each experimental group was represented as a relative (percent) change and compared as an effect of either diet, exercise or sex. When looking at the impact of exercise, there was an ϳ35% increase in MyHC␣ following exercise in female mice on the soy-based diet whereas no change was observed following exercise in casein-fed fe- Summary of mRNA transcript analysis of the RT-PCR data from sedentary and exercised C57Bl/6J male and female mice eating a soy-or casein-based chow. Directional change and group is indicated. Tgfb1 (TGF-␤1) demonstrated a three-way interaction. Abbreviations are listed in Table 1. males or soy-fed males (Fig. 5A, left) . This exercise effect in females on the soy-based diet was significant compared with females fed the casein-based diet and males fed the soybased diet. Casein-fed males demonstrated an ϳ30% increase in MyHC␣ expression following exercise, similar to soy-fed females (Fig. 5A) . This increase was, again, similar to soy-fed females, significantly greater than females fed the casein-based diet and males fed the soy-based diet.
Looking at the impact of diet on the relative expression of MyHC␣, Fig. 5A , middle, shows that MyHC␣ expression was elevated in casein-fed compared with soy-fed females in the sedentary group only. This diet effect in the female sedentary group was significantly greater compared with the female exercise or male sedentary group. In addition, the diet effect was greater in the male exercise group compared with both female exercise or male sedentary groups. Comparing MyHC␣ expression based on sex, sedentary soy-fed females showed a decrease in expression compared with soy-fed exercised and casein-fed sedentary females (Fig. 5A, right) .
Interestingly, cage wheel exercise elevated TNF-␣, an inflammatory cytokine in soy-fed males only, over that of the reduced levels in soy-fed females and casein-fed males. Also, sedentary male mice fed the casein-based diet demonstrated increased TNF-␣ expression compared with sedentary females and exercised males where casein feeding reduced TNF-␣ expression. Finally, TNF-␣ expression was higher in sedentary females fed a soy-based diet compared with sedentary females on the casein-based diet (Fig. 5B) . HDAC catalytic activity. Although the role of HDACs has been extensively studied in pathological cardiac hypertrophy, there have been limited studies investigating the role of HDACs in exercise-induced cardiac adaptation (8, 24) and none in response to cage wheel exercise. Accordingly, to address the possible involvement of specific HDAC classes in exercise-induced cardiac remodeling, we performed an enzymatic HDAC activity assay that quantifies class I, IIa, or IIb HDAC catalytic activity in cardiac extracts from each of the experimental groups (22) . Although some trends emerged within each experimental group, no significant differences in class I, IIa, or IIb HDAC activities were detected (data summarized in Fig. 6 and Table 4 ).
AMPK and ACC Expression and Activity
Endurance training enhances exercise performance, and we hypothesized that this may be partly mediated through activation of AMPK in skeletal muscle (29) . Interestingly, a high soy-containing diet, similar to that used in this study, activates AMPK in several tissues (5) . Moreover, metabolic alterations resulting from a dietary change depend on regulation by AMPK (3, 16) . Therefore, we hypothesized that differential expression of AMPK would underlie the ability of these hearts to undergo physiological hypertrophy.
We performed Western blots from whole cardiac extracts of AMPK␣2 (Fig. 7A) , the predominant isoform of AMPK in the heart (37). As indicated in Fig. 7B , basal expression of AMPK␣2 was significantly elevated in male sedentary mice eating a casein-based diet compared with sedentary males eating a soy-based diet. A sex dimorphism was found when sedentary males were compared with sedentary females both eating a soy-based diet; AMPK␣2 expression levels were higher in females compared with males. Interestingly, AMPK␣2 expression levels were similar between sedentary males eating a casein-based diet and sedentary females eating a soy-based diet. Sedentary females eating a casein-based diet demonstrated AMPK␣2 expression levels that were significantly lower than casein-fed males and soy-fed females (both sedentary) but equal to soy-fed sedentary males.
We next wished to examine how AMPK␣2 expression levels changed following 3 wk of cage wheel exercise under these different dietary conditions and if these changes were different between the sexes. To represent the directional impact of exercise in each sex under these different dietary conditions, the change in AMPK␣2 expression relative to sedentary counterparts was determined. Figure 7C shows that 3 wk of cage wheel exposure did not change AMPK␣2 expression except in females fed a soy-based diet, where exercise decreased AMPK␣2 expression.
AMPK is regulated by direct phosphorylation at Thr-172 and/or inhibition of dephosphorylation (13) directly correlates with AMPK activity as measured previously by our group and others (6, 35) . Therefore, to estimate the level of AMPK activity, we also performed Western blot analysis that detected AMPK␣2 only when phosphorylated at Thr-172 (p-AMPK 172 ). Figure 7D depicts the change in p-AMPK 172 relative to the sedentary counterparts to better illustrate the exercise-dependent effect. Both male groups independent of diet experienced a significant relative increase in p-AMPK 172 with exercise whereas both groups of females did not.
Activation of AMPK in the heart leads to direct phosphorylation of ACC (21) . We therefore examined expression of total ACC and the phosphorylation of ACC. Sedentary males showed a diet effect of total ACC expression where males eating the casein-based diet had a 2.5-fold significant elevation Exercise-dependent activity of ACC relative to males eating the soy-based diet (Fig. 7B) . Unlike males, the amount of total ACC measured in both sedentary female groups was not affected by diet. The level of total ACC expression in the females was significantly higher compared with sedentary males fed the soy-based diet but similar to males fed the casein-based diet (Fig. 7B) . As illustrated in Fig. 7C , exercise did not impact the expression of ACC in any of the experimental groups. When examining the effect of exercise on p-ACC, only females eating a soy-based diet showed an increase relative to sedentary counterparts (Fig. 7D) .
DISCUSSION
Running wheels have been used in a variety of contexts in rodent studies. Many of these studies are aimed at assessing energy balance, intake, and expenditure but are also used to determine brain reward stimuli, stress, and anxiety [see Novak et al. (30) for review]. Our studies utilizing cage wheel exercise are focused on addressing the adaptive and potentially protective mechanisms that underlie physiological cardiac hypertrophy in response to the exercise stimulus (1, 18, 19) . The end goal of these studies is to harness this knowledge for the identification and development of novel treatment strategies against cardiovascular disease. What has emerged, however, is that cage wheel running is a complex behavior and that cardiac adaptation to wheel running is impacted by the factors that influence running behavior. Therefore, it becomes important to systematically address how environmental (diet) and genetic factors (sex) impact wheel running activity and cardiac adaptation as we have in this study.
We previously demonstrated how a dietary change dramatically impacts pathological cardiac adaptation and alters the course of cardiac disease progression (38) . In that study, we reported that male mice with HCM fed the traditional soybased diet deteriorate to severe, dilated cardiomyopathy (38, 42) . However, simply changing the diet to a calorically similar casein-based diet prevents these phenotypes (38) . Considering this relationship among diet, sex, and cardiac adaptation, we asked whether diet would have an impact on cardiac adaptation to an exercise stimulus. Our current observations demonstrate a clear sex-dependent response in cardiac adaptation to a dietary change and show that male mice eating a soy-based diet undergo physiological cardiac hypertrophy to a lesser extent than male mice eating a casein-based diet. This dietary change from soy to casein does not elicit such a response in females; the hearts of female mice experience hypertrophy in response to the exercise stimulus regardless of diet. Apart from the impact of this dietary change on cardiac hypertrophy, the extent of cardiac hypertrophy is also dependent on sex, similar to previous studies (18, 38) .
This study was designed after an exercise protocol well established in our laboratory. Specifically, we gave male and female C57Bl/6 mice that were fed either a soy-based or a casein-based (soy-free) diet free access to a cage wheel (1). We first noted that feeding male mice a casein-based diet eliminated the soy-based differences between the sexes such that daily running distance matched that of female mice. Incidentally, the dietary switch in female mice had no effect on cage wheel running measured by time and distance on the cage wheel, and cage wheel running by each sex on the soy diet was similar to our previous observations (18) .
Apart from the effect that diet has on cage wheel running, the adaptive response of cardiac and/or skeletal muscle to the exercise stimulus in the context of different diets or sex may underlie the observations of sex-and diet-dependent differences in exercise performance. In this study, we demonstrate that the response of the heart to the exercise stimulus depends on diet. Specifically, removal of soy, once again, eliminates any sex differences when measuring the increase in cardiac mass following exercise. Males eating the casein-based diet effectively doubled the proportional increase in normalized heart size compared with soy-fed counterparts. This increase was not different from casein-fed females who, on average, demonstrate a similar proportional increase in cardiac mass following exercise compared with soy-fed females. Again, there are no differences between cardiac adaptation in female mice on any of the diets.
It is likely that the soy diet directly alters muscle biochemistry and, potentially, exercise capacity. It is well documented that there are gender differences in muscle carbohydrate and lipid metabolism (40, 41) . In another study, investigators demonstrated that skeletal muscle exhibits different amino acid uptake when subjects are fed either a soy or casein proteinbased diet (26) . However, the data were not distinguished by sex nor was there a difference in acute amino acid metabolism. We can predict that nutrient load from each diet, despite being calorically similar, is handled in a sex-specific manner. Moreover, by altering muscle biochemistry, the adaptive response of muscle, particularly cardiac muscle, to the exercise stimulus will be dependent on diet.
We initiated an initial examination of potential sex-, exercise-, and diet-dependent mediators in the hearts of both male and female mice from each exercise and diet group. Considering the complex interaction among diet, exercise, and sex, we wished to explore how specific mRNA transcripts were regulated. From the candidate screen, we show that regulation of TGF-␤1 depends on the combinatorial interaction of these three factors. TGF-␤1 is a multifunctional peptide that is gaining significance as a key player in cardiac disease progression particular during myocardial infarction and subsequent remodeling (2, 10) . However, given the functional complexity of TGF signaling, a clear role during exercise-induced cardiac adaptation has not been investigated. Because examination of additional transcripts did not reveal any two-way interactions, we assessed these potential regulatory molecules for main effects of the three contributing factors. These data indicate primarily sex and exercise effects with little impact of diet. The suggestion from these data is that the degree to which sex and exercise impact gene regulation depends on the dietary context whereas diet as a central determinant of gene expression may be less predictive.
As mentioned above, carbohydrate and lipid metabolism has known sex differences, especially when it comes to exercise preparation and performance (4, 40, 43) . Recently, it was discovered that a soy diet activates AMPK in white-adipose tissue, skeletal muscle, and liver (5) . Therefore, we chose to examine AMPK expression in our control compared with our experimental groups. The most striking observation is the increased expression (and activity; see below) of AMPK␣2, the predominant AMPK isoform in the heart (37), in sedentary male mice eating the casein diet compared with sedentary male mice eating the soy diet. This appears to be inconsistent with the aforementioned study showing that soy can increase AMPK activity (5) . Furthermore, exercise did not impact AMPK␣2 expression levels in male mice. Interestingly, AMPK␣2 expression levels in soy-fed females are equally elevated but declined following 3-4 wk of cage wheel exposure similar to our recent publication (31) . The suggestion is that AMPK expression in females may be uniquely sensitive to the soy diet compared with males. Moreover, how estrogen modifies this responsiveness may provide underlying mechanistic insight given the ability of estrogen to modify AMPK activity (9) .
Because AMPK is a key regulator of ACC activity by direct phosphorylation (21), we examined total ACC and p-ACC and ACC protein expression in each experimental group. Total protein expression is lowest in males eating the soy-based diet compared with all other groups. Moreover, the expression levels did not significantly change with exercise. In addition, only females eating the soy-based diet showed a significant increase compared with sedentary controls in p-ACC following 3 wk of cage wheel exposure. The elevation of total ACC protein in casein-fed males and soy-fed females compared with soy-fed males follows the same pattern as AMPK␣2 expression. On the other hand, casein-fed females show an increase ACC expression that is not paralleled by an increase in AMPK␣2 expression. Furthermore, exercise resulted in increased p-AMPK 172 in both male groups that did not result in a corresponding increase in p-ACC. Similarly, exercised, soyfed females display an elevated p-ACC but not p-AMPK
172
. These data clearly demonstrate that the patterning of AMPK and ACC expression and activity can be uncoupled and may be differentially regulated under chronic exercise and dietary conditions.
The difficulty with the interpretation of this data set is underscored by the fact that the response of the heart to an exercise stimulus is impacted by multiple factors. While the biological mechanisms underlying these observations are certainly multifactorial, we cannot rule out the role of factors that impact cage wheel behavior such as motivation, stress, and reward systems. Previous work has demonstrated that cage wheel activity targets reward centers in the brain and interacts with other reinforcers (30) . The implication is that the impact of sex and diet on cardiac adaptation in this study may be an indirect consequence of the factors that impact wheel-running behavior. From these data, it is apparent that the ability of the heart to respond to an exercise stimulus depends on both the diet and sex of the mouse. Table 4 summarizes the current data that were tested in this article. Our ability to translate these findings into putative therapeutic targets will be dependent on a clear elucidation of the molecular mechanisms responsible for the adaptive response. Moreover, a clear understanding of potential hormonal regulators, whether endocrine or autocrine, such as insulin, leptin, and adiponectin, may provide a more therapeutically viable approach. Perhaps more important is the ability to delineate treatment strategies based on sex. In previous studies, we have detailed models by which to investigate beneficial adaptive pathways. Here, we have extended this model to study the impact of diet as an environmental modifier of these pathways.
